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Conditional Knockout of Myocyte Focal Adhesion Kinase Abrogates 
Ischemic Preconditioning in Adult Murine Hearts 

Adam J. Perricone, BS; Benjamin J. Bivona, BS; Fannie R. Jackson, BS; Richard S. Vander Heide, MD, PhD 

Background— Our laboratory has previously demonstrated the importance of a cytoskeletal-based survival signaling pathway using 
in vitro models of ischemia/reperfusion (IR). However, the importance of this pathway in mediating stress-elicited survival signaling 
in vivo is unknown. 

Methods and Results — The essential cytoskeletal signaling pathway member focal adhesion kinase (FAK) was selectively deleted 
in adult cardiac myocytes using a tamoxifen-inducible Cre-Lox system (a-MHC-MerCreMer). Polymerase chain reaction (PCR) and 
Western blot were performed to confirm FAK knockout (KO). All mice were subjected to a 40-minute coronary occlusion followed 
by 24 hours of reperfusion. Ischemic preconditioning (IP) was performed using a standard protocol. Control groups included wild- 
type (WT) and tamoxifen-treated a-MHC-MerCreMer +/_ /FAK WT/WT (experimental control) mice. Infarct size was expressed as a 
percentage of the risk region. In WT mice IP significantly enhanced the expression of activated/phosphorylated FAK by 36.3% 
compared to WT mice subjected to a sham experimental protocol (P<0.05; n=6 hearts [sham], n=4 hearts [IP]). IP significantly 
reduced infarct size in both WT and experimental control mice (43.7% versus 19.8%; P<0.001; 44.7% versus 17.5%; P<0.001, 
respectively). No difference in infarct size was observed between preconditioned FAK KO and nonpreconditioned controls (37.1% 
versus 43.7% versus 44.7%; FAK KO versus WT versus experimental control; P=NS). IP elicited a 67.2%/88.8% increase in activated 
phosphatidylinositol-3-kinase (PI3K) p85/activated Akt expression in WT mice, but failed to enhance the expression of either in 
preconditioned FAK KO mice. 

Conclusions — Our results indicate that FAK is an essential mediator of IP-elicited cardioprotection and provide further support for 
the hypothesis that cytoskeletal-based signaling is an important component of stress-elicited survival signaling. (J Am Heart 
Assoc. 2013;2:e000457 doi: 10.1 161/JAHA.1 13.000457) 
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Heart disease is the leading cause of death in the United 
States, and ischemia/reperfusion (IR)-induced cell 
death, such as seen during myocardial infarction (Ml), is a 
major cause of morbidity and mortality among those suffering 
from heart disease.'' 2 The best strategy to improve both 
survival and quality of life in patients suffering from Ml is to 
minimize myocardial death that occurs due to IR. In the 
laboratory setting, certain interventions are capable of 
mitigating the lethal cellular injury associated with IR 
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including hypothermia, 3 heat stress, 4 and ischemic precondi- 
tioning. 5 However, the mechanisms responsible for this 
cytoprotection have yet to be completely elucidated. 

Ischemic preconditioning (IP), defined as a (series of) brief 
episode(s) of reversible ischemia preceding a lethal period of 
ischemia, elicits the most robust and consistent protection 
from IR. 6 Since the discovery of IP, there has been a 
substantial amount of research directed at understanding the 
mechanism of IP-elicited cardioprotection. A wide range of 
effector molecules and signaling proteins have been impli- 
cated in the IP response including phosphatidylinositol- 
3-kinase (PI3K), Akt (protein kinase B), protein kinase C-epsilon 
(PKC-e), and extracellular signal-regulated kinase (ERK). 7,8 
Furthermore, many studies have investigated how IP may 
modulate cellular metabolism, 9 and particular emphasis has 
been paid to the effect of IP on delaying the formation of the 
mitochondrial permeability transition pore.' 0 However, 
despite the volume of research aimed at understanding the 
downstream mediators of the cardioprotective effect of IP, the 
mechanism by which IP-elicited cardioprotective signaling is 



DOI: 10.1 161/JAHA.1 13.000457 



Journal of the American Heart Association 



1 



Cytoskeletal Signaling and Ischemic Preconditioning Perricone et al 



initiated has received less attention and is consequently less 
completely understood. Better understanding of the mecha- 
nism by which cardioprotective signaling is initiated by IP 
and/or other known modulators of IR injury may shed light on 
novel targets for ischemic heart disease therapy. 

Focal adhesions are specialized cell-to-matrix junctions 
that link the extracellular matrix to the actin-based cytoskel- 
eton. While cardiac myocytes are not thought to contain focal 
adhesions proper, they do contain analogous specialized 
structures known as costameres. 1 ' Costameres are vincu- 
lin-containing protein complexes which encircle cardiac 
myocytes perpendicular to their long axis. In addition to 
vinculin, costameres contain other proteins characteristic of 
focal adhesions including talin, a-actinin, and /?i integrins. 12 
Overlying the Z disc of the sarcomere, costameres are 
positioned to form a physical link between the contractile 
apparatus and the extracellular matrix, allowing externally 
applied and intrinsically generated mechanical force to be 
transmitted bidirectionally. 12 This ability to transduce 
mechanical force into biological activity may enable costa- 
meres to play an important role in initiating signaling 
cascades in response to ischemic stress. 

Focal adhesion kinase (FAK) is a nonreceptor tyrosine 
kinase and an essential mediator of cytoskeletal and integrin 
signaling. 13 In response to clustering of integrins, FAK 
becomes localized within costameres and focal adhesions at 
the cytoplasmic tails of integrins where it is auto-phosphor- 
ylated and thereby activated. 13 '' 4 FAK activation is also 
dependent on cytoskeletal integrity, as disruption of the 
cytoskeleton with cytochalasin D, an inhibitor of actin 
polymerization, has been demonstrated to prevent stretch- 
induced FAK activation in neonatal rat ventricular myocytes 
(NRVM). 15 Once activated, FAK may interact with several 
other signaling and scaffolding proteins. Of particular impor- 
tance is paxillin, an adaptor protein which interacts directly 
with integrins and FAK, helping to concentrate other proteins 
within the focal adhesion signaling complex. 16 FAK-mediated 
tyrosine phosphorylation of these proteins creates high 
affinity binding sites for several SH2-domain-containing 
proteins found within focal adhesions, notably PI3K and Src 
kinases, thereby facilitating downstream signaling. 13,17 This 
cytoskeletal signaling complex (integrin/FAK/paxillin/PI3K) 
has been shown to be important for maintaining cell viability 
in both nonmuscle cells and in cardiac myocytes. 18-20 

Our laboratory has previously demonstrated that heat 
stress in cultured neonatal rat ventricular myocytes (NRVMs) 
is associated with the assembly of an integrin-FAK-paxillin 
signaling complex and a reduction in cell death in response to 
metabolic inhibition (simulated IR). 4,11 Moreover, our labora- 
tory has demonstrated that both IP in the isolated adult rat 
heart and whole body heat stress in adult rats lead to the 
activation of FAK and protection from ischemic cell death. 7 



Cardioprotection in these models was associated with the 
activation of Akt, a well-established cardioprotective and 
antiapoptotic protein. 21 The ability of both IP and heat stress 
to activate FAK and Akt raises the possibility that IP-elicited 
signaling may be initiated as part of a general cytoprotective 
cellular stress response. Importantly, our previous studies 
showed that disruption of integrin-FAK interaction in NRVM 
worsened myocyte survival following simulated IR, supporting 
the concept that FAK plays a central role in cell survival 
signaling. 4 Furthermore, NRVMs induced to overexpress FRNK 
(FAK-related non-kinase), an endogenous competitive inhibitor 
of FAK, were found to have reduced expression of activated 
Akt following heat stress, implicating Akt as an important 
mediator of cardioprotection downstream of FAK. 11 

Whereas our previous studies utilized in vitro and ex vivo 
model systems to demonstrate activation and protection 
resulting from a cytoskeletal-based cardioprotective signaling 
pathway, this study was designed to determine whether this 
same pathway is activated in a well-characterized in vivo 
model of myocardial infarction. To specifically address the 
role of FAK in the proximal activation of the signaling pathway, 
a mouse line was created in which FAK was inducibly 
knocked-out in a myocyte-selective fashion using the well- 
established a-MHC-MerCreMer system. 22 If cytoskeletal sig- 
naling is indeed an important component of the stress-elicited 
survival signaling characteristic of IP, then loss of FAK, an 
essential mediator of cytoskeletal signaling, should reduce/ 
abolish the cardioprotective effect afforded by IP as well as 
prevent the activation of Akt, a known downstream mediator 
of IP-elicited cardioprotection. 

Methods 
Animals 

The use of animals in this study was approved by the 
Animal Care and Use Committee of Louisiana State University 
Health Sciences Center. All reported experiments conformed 
to the standards in the National Institutes of Health's Guide for 
the Care and Use of Laboratory Animals (NIH Publication No. 
85-23, Revised 1996). Experiments were performed on adult 
male 8- to 12-week-old mice. FAK flox/WT mice were received 
as a generous gift from Dr Jun-Lin Guan at the University of 
Michigan. a-MHC-MerCreMer +/_ mice were purchased from 
The Jackson Laboratory (stock # 005657). Both the floxed FAK 
and a-MHC-MerCreMer +/_ mice were received on a mixed 
C57BL/6 and 1 29/SV genetic background. All mice were bred 
and housed in the Louisiana State University Health Sciences 
Center Animal Care Facility in specific pathogen-free cham- 
bers. oc-MHC-MerCreMer +/ ~ mice and FAK flox/WT mice were 
bred together for 4 generations to generate wild-type (WT) and 
transgenic animals on a uniform genetic background. This 
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breeding strategy entailed initially crossing a-MHC-MerCr- 
eMer +/ " and FAK flox/WT mice to produce Cre +/ -/FAK flox/WT 
mice. These Cre +/ ~/FAK flox/WT mice were subsequently bred 
together for 3 generations, producing Cre" /- /FAK WT/WT (WT), 
Cre +/+ /FAK WT/WT , Cre- / -/FAK flox/flox and Cre +/ -/FAK flox/flox 
mice. WTxWT, Cre^VFAK^^xWT, and Cre- / -/FAK flox/flox x 
Cre +/ "/FAK flox/flox mice were then crossed to generate all 
animals used in the study. 

Conditional FAK KO Mice 

We used Cre-Lox technology to generate an inducible, cardiac 
myocyte-specific FAK knockout (KO) mouse line. FAK flox/flox 
mice were crossed with FAK flox/flox mice heterozygous for the 
a-MHC-MerCreMer recombinase, which has been shown to 
efficiently mediate genetic recombination in cardiac myocytes 
following tamoxifen administration. 22 The reason for employ- 
ing an inducible recombination strategy was that it allowed for 
the determination of the consequences of acute FAK loss in 
the adult mouse heart and it circumvented the embryonic 
lethal phenotype associated with total FAK deletion during 
development. 23 Mice tail snips were sent off for genotyping to 
Transnetyx. The floxed FAK mice contain the third exon of the 
FAK gene flanked by loxP sites, and Cre-mediated excision of 
the floxed FAK exon yields a truncated, nonfunctional gene 
product. 24 

Tamoxifen Administration 

The tamoxifen solution was generated fresh before each use 
by dissolving tamoxifen powder (Sigma-Aldrich) in corn oil to a 
final concentration of 20 mg/mL. To induce FAK KO, a-MHC- 
MerCreMer +/ "/FAK flox/flox mice (hereafter referred to as FAK 
KO mice) were treated with tamoxifen via intraperitoneal 
injections once a day for 2 days at a calculated dose of 
40 mg/kg. Mice were allowed to recover for 5 days following 
the tamoxifen administration regimen prior to any subsequent 
experimental manipulation. 

PCR Analysis 

Genomic DNA was extracted from cardiac and extra-cardiac 
tissues using the REDExtract-N-Amp Tissue PCR Kit (Sigma- 
Aldrich) and subjected to polymerase chain reaction (PCR) 
using the forward (GCTGATGTCCCAAGCTATTCC) and reverse 
(AGGGCTGGTCTGCGCTGACAGG) primers. Anticipated band 
sizes for the WT product, floxed product, and postrecombina- 
tion product are 1.4 kb, 1.6 kb, and 550 bp, respectively. The 
cycling parameters for the PCR were as follows: 3 cycles at 
94°C for 3 minutes, 67°C for 2 minutes, and 72°C for 
2 minutes; 30 cycles at 94°C for 1 minute, 63°C for 1 minute, 
and 72°C for 2 minutes; 1 hold at 72°C for 10 minutes. 



Western Blot Analysis 

For analysis and quantification of tissue-specific FAK protein 
reduction, adult cardiac myocytes were isolated from FAK KO 
mice, and protein was harvested as described below. For 
analysis of activated FAK (FAK pTyr397 ), PI3K (pPI3K p85), and 
Akt (Akt pSer473 ) expression, protein was harvested via whole 
heart tissue homogenization in T-PER Protein Extraction 
Reagent (Thermo Scientific) with protease and phosphatase 
inhibitor cocktails added (Roche Applied Science). Sixty 
micrograms of isolated myocyte protein and either 40 /ig (for 
analysis of FAK pTyr397 and Akt pSer473 expression) or 80 ng 
(for analysis of pPI3K p85 expression) of whole heart protein 
(as determined by bicinchoninic acid [BCA] protein assays) 
were subjected to sodium dodecyl sulphate (SDS)-protein 
electrophoresis. Following electrophoresis, the samples were 
transferred to a polyvinylidene fluoride (PVDF) membrane. 
Membranes were blocked for 1 hour at room temperature 
with Odyssey blocking buffer (LI-COR Biosciences) and 
subsequently incubated overnight at 4°C with one of the 
following primary antibodies: (1) rabbit anti-FAK (Millipore); 
(2) rabbit anti-phospho FAK (Tyr397; Cell Signaling); (3) 
rabbit anti-phospho PI3K p85/p55 (Tyr458/Tyr199; Cell 
Signaling); (4) rabbit anti-phospho-Akt (Ser473; Cell Signal- 
ing). Membranes were then incubated with the fluorophore- 
labeled goat antirabbit secondary antibody (LI-COR Bio- 
sciences) for 1 hour at room temperature, and final protein 
expression was detected and quantified using the Odyssey 
infrared imaging system (LI-COR Biosciences). Quantified 
protein expression was reported in arbitrary units as 
indicated. 

Isolation of Adult Cardiac Myocytes 

The isolation of adult cardiac myocytes was performed using a 
Langendorff perfusion apparatus as previously described. 25 
Briefly, mice were anesthetized via an intraperitoneal injection 
of ketamine (100 mg/kg) and xylazine (10 mg/kg) and 
anticoagulated with 200 units of heparin. The heart was 
rapidly excised from the thoracic cavity, cannulated via the 
aorta, and perfused in the Langendorff mode with calcium-free 
perfusion buffer (120 mmol/L NaCI, 5.4 mmol/L KCI, 
1.2 mmol/L MgS0 4 -7H 2 0, 1.2 mmol/L NaH 2 P0 4 , 
20 mmol/L NaHC0 3 , 5.6 mmol/L glucose, 10 mmol/L 
butanedione monoxime [BDM; Sigma-Aldrich], 5 mmol/L 
taurine, pH 7.3, gassed with 95% 0 2 /5% C0 2 ) for 4 minutes 
at a rate of 3 mL/min, followed by digestion buffer (perfusion 
buffer plus 25 /<mol/L CaCI 2 and Liberase TH [Roche Applied 
Science] at a concentration of 0.26 units/mL) for 10 to 
16 minutes. Following digestion, the left and right ventricles 
were cut into small pieces with curved fine tip forceps in 2 mL 
of digestion buffer in a 60 mm Petri dish. The supernatant 
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was transferred to a 15 mL conical test tube containing Stop 

1 buffer (10% fetal bovine serum [FBS] in perfusion buffer plus 
25 /imol/L CaCI 2 ). The remaining pellet was triturated with 

2 mL of digestion buffer with plastic transfer pipettes. On the 
completion of the trituration, the suspension was transferred 
and pooled in Stop 1 buffer and filtered utilizing a 100 /(in 
nylon mesh filter. The filtered suspension was transferred to a 
15 mL conical test tube (Pellet 1) and allowed to settle by 
gravity for 15 min at room temperature. The supernatant was 
aspirated and placed into another 15 mL conical test tube 
(Pellet 2) and centrifuged for 2 min at 500 rpms. Both pellets 
were pooled in 12 mL of Stop 2 buffer (5% FBS in perfusion 
buffer plus 50 /imol/L CaCI 2 ) and transferred to a 100 mm 
Petri dish. A final calcium level of 1 mmol/L was reintroduced 
through a series of resuspensions containing increasing 
concentrations of CaCI 2 . Myocytes were subsequently plated 
on laminin-coated (10 /(g/mL) 60 mm Petri dishes in plating 
media (minimum essential media [MEM] plus 5% FBS, 
2 mmol/L L-glutamine, 1% penicillin/streptomycin, and 
10 mmol/L BDM) for 1 hour at 37°C in a humidified 
atmosphere of 98% air, 2% C0 2 . The plated myocytes were 
then washed with 1 x phosphate-buffered saline (PBS) pH 7.4 
and protein was harvested for downstream Western blot 
analysis through lysis with a RIPA buffer kit (Santa Cruz 
Biotechnology). 

Echocardiographical Assessment of Cardiac 
Function 

In preparation for cardiac functional analysis, mice were 
sedated with 1.5% isoflurane. The VisualSonics VEVO 770 
Echocardiogram was used to obtain B-mode 2 dimensional 
(2D) images and M-mode tracings of the anterior and 
posterior left ventricular wall using a 2D reference sector. 
Cardiac function parameters examined included fractional 
shortening, ejection fraction, and heart rate. Left ventricular 



dimensions were evaluated by measuring interventricular 
septum end-systolic/diastolic dimension and left ventricular 
end-systolic/diastolic internal diameter. Percent ejection 
fraction was calculated using the following equation: (stroke 
volume/end diastolic volume) x 100. Percent fractional short- 
ening was calculated using the following equation: ([LVEDD— 
LVESD]/LVEDD)x100, where LVEDD is the left ventricular 
end diastolic diameter and LVESD is the left ventricular end 
systolic diameter. 

Myocardial Ischemia/Reperfusion Protocol and 
Determination of Infarct Size 

Figure 1 summarizes the myocardial IR surgical protocols and 
experimental design used in the study. Mice were anesthe- 
tized with an intraperitoneal injection of pentobarbital 
(60 mg/kg) and an intramuscular injection of ketamine 
(50 mg/kg) prior to being intubated and connected to a 
rodent ventilator (MiniVent Type 845; Harvard Apparatus). 
Ventilation was performed at a rate of 140 breaths/min with 
a tidal volume of 140 fiL and was supplemented with 100% 
oxygen. Body temperature was monitored with a rectal 
thermometer and maintained at 37°C throughout the surgical 
procedure with a heating pad. Depth of anesthesia was 
assessed using the toe-pinch reflex, which is established as a 
useful indicator of depth of anesthesia. 26 Following anesthe- 
tization, a left thoracotomy was performed, and the left 
coronary artery (LCA) was isolated and ligated near its origin 
with 7-0 cardiovascular silk suture. A short segment of PE10 
polyethylene tubing was inserted between the ligation and the 
surface of the heart in order to protect the underlying LCA 
from undue trauma. Coronary occlusion was confirmed by 
examining the surface of the heart for tissue-blanching in the 
ischemic zone. The IP protocol consisted of a standard 3 
cycles of 5 minutes of ischemia followed by 5 minutes of 
reperfusion. A sustained 40-minute ligation of the LCA was 
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Figure 1. Experimental design. Mice were subjected to a 40-minute sustained coronary occlusion followed by 24 hours of reperfusion either in 
the presence (IP) or absence (control infarct) of IP. IP indicates ischemic preconditioning; IR, ischemia/reperfusion. 
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used to induce myocardial infarction. Following the 40-minute 
coronary occlusion, the ligation was released to allow for 
arterial reperfusion which was confirmed by hyperemic 
blushing on the surface of the heart. Buprenorphine 
(0.03 mg/kg) was administered subcutaneously for postop- 
erative analgesia, and mice were allowed to recover overnight. 
To perform the sham IP protocol, mice were anesthetized as 
described above. The suture was passed underneath the LCA, 
but remained untied. Following 30 minutes, the heart was 
immediately excised and homogenized for protein harvest as 
described above. 

Following 24 hours of reperfusion, mice were reanesthe- 
tized and placed on the ventilator. The right carotid artery 
was cannulated with a tapered PE 50 catheter, the LCA 
ligation was replaced, and the heart was injected with 
1.5 mL of 15% Phthalo blue dye (diluted in phosphate- 
buffered saline; Quantum Ink) via the carotid artery catheter 
to allow for the delineation between the nonischemic area 
and the area at risk (AAR). Following the injection of the dye, 
the heart was rapidly excised, fixed in a 2% SeaPlaque 
agarose gel solution (Lonza Rockland), and cross-sectioned 
into 1 mm thick slices using a Mcllwain tissue slicer (Mickle 
Laboratory Engineering). The slices were incubated at 37°C 
for 2 minutes in 1% 2,3,5-triphenyltetrazolium chloride 
(Sigma-Aldrich) solution to demarcate the infarcted tissue 
from the ischemic but viable tissue within the AAR. Each 
slice was weighed then photographed using an Olympus 
Q-Color 5 digital camera mounted to an Olympus SZ61 
dissecting microscope. Planimetry was performed by a 
blinded observer using the National Institutes of Health 
Image J software to measure the left ventricular area, AAR, 
and area of infarction. Infarct size was determined using the 
previously reported equation 27 : weight of infarct size= 
(A 1 xWt 1 )+(A 2 xWt 2 )+...+(A 6 xWt 6 ) where A is the percent 
area of infarction calculated by planimetry from correspond- 
ing slices 1 to 6 represented by subscripted numbers and Wt 
is the weight of the same numbered slices. Infarct size was 
ultimately expressed as a percentage of the AAR using the 
following equation: weight of infarct size/weight of AAR, 
where the AAR weight was calculated in a similar manner as 
the infarct weight by summing the products of the percent 
AAR and the corresponding slice weight. AAR as a percent- 
age of the total left ventricular area was calculated by 
(weight of AAR/weight of left ventricle), where the weight of 
the left ventricle was calculated by summing the weights of 
all slices. 

Statistics 

All Western blot data are expressed as means±SE (in 
arbitrary units). All echocardiography and infarct data are 
expressed as means±SE. The assumption of normality was 



investigated in all data prior to performing statistical tests. 
Echocardiography data were analyzed using an unpaired f-test 
analysis. Statistical analysis of FAK expression was performed 
with a 1-way analysis of variance (ANOVA) with Tukey's 
posttest. Statistical analysis of FAK pTyr397 expression was 
performed using an unpaired f-test. Statistical analysis of 
pPI3K p85 and Akt pSer473 expression was performed with a 
2-way ANOVA with Bonferroni's posttest. Statistical analysis 
of infarct data was performed with a 2-way ANOVA with 
Bonferroni's posttest. Prism 5 (GraphPad software) was 
utilized to compute statistics. Significance level was set at 
P<0.05. 

Results 

Generation of Conditional FAK KO Mice 

To generate the inducible, cardiac myocyte-specific FAK 

KO transgenic mice, we crossed a-MHC-MerCreMer +/ ~/ 
FAK fiox/fiox mjce wjth FAK fiox/fiox mjce A tota| Qf 131 anima | s 

were bred using this breeding pair. Of these 131 mice, 65 
were a-MHC-MerCreMer +/ -/FAK flox/flox and 66 were FAK flox/flox , 
in accordance with the expected 1:1 Mendelian ratio. 

Tamoxifen Induces Genetic Recombination and 

Reduces FAK Protein Expression in Cre +/ / 
FAK fiox/fiox Mjce 

To determine if genetic recombination had occurred in 
cardiac tissue harvested from FAK KO mice, cardiac and 
extra-cardiac genomic DNA from control and FAK KO mice 
was subjected to PCR analysis. The 550 bp recombined FAK 
allele was detected in cardiac genomic DNA of FAK KO mice, 
but not in cardiac genomic DNA of a-MHC-MerCreMer +/ "/ 
FAK fiox/fiox mjce not treated witn tamox ifen (FAK C, 

Figure 2A), demonstrating that excision of the floxed FAK 
gene segment is dependent on the administration of 
tamoxifen. The recombination allele was not detected in 
lung, liver, skeletal muscle, or aortic tissue of FAK KO mice 
confirming the tissue specificity of the recombination event 
and consistent with the expression of the a-MHC gene 
(Figure 2A). 

To evaluate if Cre-mediated recombination of the floxed 
FAK allele leads to reduced FAK protein expression 
specifically at the myocyte level, isolated adult cardiac 
myocyte protein lysates were prepared and subjected to 
Western blot analysis. Figure 2B and 2C demonstrate that 
FAK protein was significantly reduced by 66.5% compared to 
WT mice (P<0.001; n=7 hearts, both groups) and by 
73% compared to tamoxifen-treated a-MHC-MerCreMer +/ "/ 
fak wt/wt mice r/a<o.001; n=5 hearts [Exp C], n=7 hearts 
[FAK KO]). 
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Control FAK KO 



A B WT Exp C FAK KO 




Figure 2. Tamoxifen induced deletion of FAK. A, Genomic DNA of wild-type (WT) and Cre-positive floxed FAK mice were amplified by PCR. The 
WT band is 1.4 kb, the floxed FAK product is 1.6 kb and the postrecombination product is 550 bp. DNA was extracted from cardiac tissue unless 
otherwise noted. FAK C, Cre-positive floxed-FAK mouse not treated with tamoxifen; Sk M, skeletal muscle. B, Representative Western blot 
showing FAK protein expression in lysates of isolated adult cardiac ventricular myocytes from wild-type (WT), experimental control (Exp C), and 
FAK KO mice. C, Normalized integrated intensity data for myocyte FAK expression in WT, Exp C and FAK KO mice. FAK expression in FAK KO mice 
was reduced by 66.5% compared to WT mice (P<0.001; n=7 hearts, both groups) and by 73% compared to Exp C mice (P<0.001; n=5 hearts [Exp 
C], n=7 hearts [FAK KO]). Numbers within bars indicate sample size of each group. Exp C indicates experimental control; FAK, focal adhesion 
kinase; KO, knock out; PCR, polymerase chain reaction. 



FAK Knockout Does Not Affect Baseline Cardiac 
Function 

It has been reported that embryonic FAK KO is associated 
with lethal cardiac and other developmental defects. 23 In 
addition, use of the tamoxifen/a-MHC-MerCreMer expression 
system has been previously reported to result in a dilated 
cardiomyopathy. 28 Therefore, in developing this model sys- 
tem, it was important to demonstrate that neither conditional 
reduction of FAK expression nor tamoxifen administration 
adversely impact baseline cardiac function in our FAK KO 
mouse model. 

To evaluate baseline cardiac function in FAK KO mice, we 
performed echocardiography at a time when FAK was 
confirmed to be significantly reduced (ie, 5 days after tamox- 
ifen administration). No difference in ejection fraction, frac- 
tional shortening, or heart rate was observed in FAK KO mice 
compared to WT mice (see Table). Moreover, interventricular 
septum end-systolic/diastolic dimension and left ventricular 
end-systolic/diastolic internal diameter were unchanged 
between both groups (see Table). Finally, no differences in 
gross heart morphology were apparent in FAK KO mice 
compared to WT mice (Figure 3). Therefore, neither reduction 
of FAK protein expression nor our tamoxifen administration 
regimen affected baseline cardiac function of FAK KO mice. 



IP Induces FAK Activation 

To demonstrate that in vivo IP stimulates FAK activation and 
signaling in our model system, activated FAK expression was 
examined in WT mice subjected either to the IP protocol or a 
sham experimental protocol. To assess activated FAK expres- 
sion, heart lysates from IP and non-IP WT mice were analyzed 
for expression of tyrosine-phosphorylated FAK as a surrogate 
for FAK activation.' 3 Figure 4 shows that FAK pTyr397 expres- 
sion in WT mice subjected to IP was significantly increased by 
36.3% compared to mice subjected to the sham procedure 
(P<0.05; n=6 hearts [sham], n=4 hearts [IP]). 

Effect of FAK KO on Infarct Size 

If cytoskeletal signaling is an important component of stress- 
elicited survival signaling hypothesized to underlie the 
cardioprotective effect of IP, then FAK KO should greatly 
impair/eliminate IP-elicited cardioprotection. To assess the 
role of FAK in IP-induced cardioprotection, control and FAK 
KO mice were subjected to the standard infarct protocol of 
40 minutes of LCA occlusion followed by 24 hours of 
reperfusion either in the presence or absence of IP. Control 
groups consisted of a WT group and a tamoxifen-treated 
a-MHC-MerCreMer +/_ /FAK WT/WT (hereafter referred to as 
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Table. Echocardiographical Analysis of Cardiac Function 





WT (n=8) 


FAK KO (n=18) 


EF, % 


57.3±3.4 


55.7±1.7 


FS, % 


29.9±2.5 


28.5±1.1 


IVSd, mm 


0.72±0.08 


0.70±0.03 


IVSs, mm 


0.92±0.11 


0.94±0.06 


LVIDd, mm 


3.65±0.10 


3.76±0.09 


LVIDs, mm 


2.55±0.13 


2.69±0.08 


HR, bpm 


448.6±5.9 


463.3±13.3 



Values were calculated from at least 2 separate M-mode measurements. Values are 
means±SE. EF indicates ejection fraction; FAK, focal adhesion kinase; FS, fractional 
shortening; HR, heart rate; IVSd, interventricular septum end diastolic dimension; IVSs, 
interventricular septum end systolic dimension; KO, knock out; LVIDd; left ventricular 
internal diameter at end diastole; LVIDs, left ventricular internal diameter at end systole; 
WT, wild-type. 




Figure 3. Photograph comparing gross morphology of FAK KO and 
WT hearts at baseline. FAK KO heart was photographed 5 days after 
conclusion of tamoxifen administration. FAK indicates focal adhesion 
kinase; KO, knock out; WT, wild-type. 



experimental control) group. A total of 123 mice were entered 
into the infarct study. Forty-two mice were excluded due to 
all-cause mortality during some portion of the experimental 
protocol. Another 24 mice were excluded due to technical 
problems: 12 mice were excluded due to inadequate phthalo 
blue or tetrazolium staining, 6 mice were excluded due to 
technical failure associated with ventilation, and 6 mice were 
excluded due to trauma to coronary vessels (total mortal- 
ity=34% [42 of 143]). Fifty-seven mice successfully completed 
the surgical protocol without complications and were included 
in the final infarct size analysis. 

The area-at-risk (AAR) was not significantly different 
between any of the groups (Figure 5A). Figure 5B shows that 
IP significantly reduced infarct size (expressed as % AAR) in WT 
mice by 54.7% (43.7% versus 19.8%; control versus IP; n=14 



WT WT 

sham IP 




Figure 4. IP induces FAK activation in WT mice. A, Representative 
Western blot showing pFAK (Y397) expression in lysates from hearts 
of WT mice subjected to either the IP or sham protocol. B, 
Normalized integrated intensity data for cardiac pFAK expression. 
pFAK expression in WT mice subjected to IP was increased by 36.3% 
compared to WT mice subjected to the sham procedure (P<0.05; n=6 
hearts [sham], n=4 hearts [IP]). Numbers within bars indicate sample 
size of each group. IP indicates ischemic preconditioning; pFAK, 
activated/phosphorylated focal adhesion kinase; WT, wild-type. 



[control], n=8 [IP]; P<0.001), results similar to other reports of 
the cardioprotective effect of IP in murine infarct models 29 and 
validating our infarct model system. More importantly, IP also 
provided significant protection in experimental control animals 
(tamoxifen-treated, a-MHC-MerCreMer +/_ /FAK WT/WT ), reduc- 
ing infarct size by 60.9% (44.7% versus 17.5%; control versus 
IP; n=9 both groups; /^O.OOI), comparable to the level of 
protection afforded by IP in WT mice. However, in FAK KO 
mice, IP failed to elicit a significant protective effect (44.3% 
versus 37.1%; FAK KO control versus FAK KO IP; n=9 [control], 
n=8 [IP]; P=NS). Moreover, infarct size in preconditioned FAK 
KO mice was not significantly different than infarct size in 
nonpreconditioned WT or experimental control mice, indicating 
that FAK KO abrogated IP-elicited cardioprotective signaling. 
Infarct size in nonpreconditioned FAK KO mice was not 
statistically different from either nonpreconditioned WT or 
experimental control mice (44.3% versus 43.7% versus 44.7%, 
KO versus WT versus Exp Ctrl, P=NS). Figure 5C shows 
representative midventricular cross-sections of IP and non-IP 
hearts from control and FAK KO mice. 
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FAK KO Prevents IP-induced PI3K/Akt Signaling 

Our previous studies demonstrated that IP and heat stress 
activate both FAK and Akt 7 and that interference with FAK 
activity prevents heat stress-elicited Akt activation, indicating 
that Akt becomes activated downstream of FAK in the 
hypothesized cytoskeletal-based survival pathway. 11 How- 
ever, it remains unknown whether the IP-stimulated activa- 
tion of Akt is dependent on upstream FAK activity in an 
in vivo model of IR. If FAK is indeed an integral member of 
IP-induced cardioprotective signaling, then reduction of 
myocyte FAK protein expression (and therefore FAK signal- 
ing) should result in a reduction in PI3K/Akt activation and 
signaling. 



To answer this question, FAK KO and WT mice were 
subjected to either the IP protocol or a sham experimental 
protocol, and ventricular lysates were harvested and analyzed 
for expression of tyrosine phosphorylated PI3K p85 as a 
surrogate for PI3K activation 30,31 or phosphorylation of serine 
residue 473 as a surrogate for Akt activation. 32 In WT animals 
the IP protocol elicited a 67.2% increase in pPI3K p85 
expression (P<0.01; n=5 both groups) and an 88.8% increase 
in Akt pSer473 expression (f<0.001; n=4 both groups) indicat- 
ing that IP induced strong PI3K and Akt activation (Figure 6). 
However, FAK KO mice subjected to IP did not exhibit a 
significant increase in either pPI3K p85 or Akt pSer473 expres- 
sion, but rather exhibited expression levels comparable to 




WT Exp Ctrl FAK KO 




Figure 5. FAK KO abrogates IP-elicited cardioprotection. A, Bar graph of ratio of myocardial area at risk (AAR) to left ventricular area (LV). B, Bar 
graph of ratio of infarcted myocardium (INF) to AAR. Numbers within bars indicate sample size of each group. *P<0.001 vs WT Ctrl IP; # P<0.001 
vs Exp Ctrl IP. C, Representative stained midventricular cross-sections from hearts of preconditioned (IP) and nonpreconditioned (CI) WT, Exp Ctrl, 
and FAK KO mice subjected to a 40-minute episode of ischemia. Nonischemic tissue is stained blue, ischemic but viable tissue is stained red, and 
infarcted myocardium is white. CI indicates nonpreconditioned control infarct; Exp Ctrl, experimental control (Cre-positive, floxed FAK-negative 
mouse administered tamoxifen); FAK, focal adhesion kinase; IP, ischemic preconditioning; KO, knock out; WT, wild-type. 
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Figure 6. FAK KO abrogates IP-induced PI3K/Akt signaling. Representative Western blots showing (A) pPI3K p85; (B) pAkt expression in lysates 
from hearts of WT and FAK KO mice subjected to either the IP protocol or a sham procedure; (C) normalized integrated density data for cardiac 
pPI3K p85 expression; and (D) pAkt expression. In WT mice IP significantly enhanced pPI3K p85 expression by 67.2% (P<0.01; n=5 hearts, both 
groups) and pAkt expression by 88.8% (P<0.001; n=4 hearts, both groups) versus WT mice subjected to the sham experimental protocol. pPI3K 
p85 and pAkt expression in FAK KO mice subjected to the IP protocol was not significantly different from their expression in either WT or FAK KO 
sham hearts. FAK indicates focal adhesion kinase; IP, ischemic preconditioning; KO, knock out; PI3K, phosphatidylinositol-3-kinase; WT, wild-type. 



both WT and FAK KO mice subjected to the sham protocol 
(Figure 6). 



previously reported and described in the tamoxifen-inducible 
a-MHC-MerCreMer system. 28 



Discussion 

Our laboratory's previous findings supported an important 
role of FAK in stress-elicited cardioprotective signaling, 
showing that both IP and heat stress activate FAK 7 and 
interference with FAK activity compromises cardiac myocyte 
survival in response to simulated IR. 4 The current study 
resulted in 3 important findings that confirm and extend our 
previous results. First, the results demonstrate for the first 
time that selective deletion of the essential membrane-based 
member of cytoskeletal signaling, FAK, abrogates the 
protective effect of IP in a well-established in vivo murine 
model of myocardial infarction. Second, the results further 
support a key role for cytoskeletal-based signaling in 
mediating a general pathway of IP-elicited cardioprotection 
by demonstrating that FAK KO prevents the IP-induced 
activation of both PI3K and Akt, well-established mediators of 
IP. 8 ' 21 And third, the results demonstrate that the a-MHC- 
MerCreMer system may be used to induce the KO of FAK in 
the adult heart while avoiding the dilated cardiomyopathy 



Hypothesized Mechanisms of IP-induced 
Cardioprotective Signaling 

Most current hypotheses of the mechanism of IP have the 
protective signaling induced by or through the release of 
endogenous autocoids which subsequently bind to G-protein 
coupled receptors (GPCRs), leading to downstream activation 
of survival signaling kinases. 33 In these schemes, the release 
of autocoids, such as adenosine and bradykinin, and the 
additive effects of binding to their respective receptors is 
thought to serve as the trigger for IP-elicited protective 
signaling. 33 This concept is supported by studies that have 
shown that agonists of adenosine, bradykinin, and other 
GPCRs may mimic the protective effect of |p. 34 ' 35 The ability 
of multiple triggers to mimic the protective effect of IP led to 
the conclusion that the respective signaling pathways 
converge downstream at a common point. Furthermore, it 
has been demonstrated that blockade of a single trigger 
eliminates the protective signaling elicited by a single cycle of 
IP, but cannot eliminate the more robust protective signaling 
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stimulated by multiple cycles of IP, 35 ' 36 further emphasizing 
the importance of multiple triggers in the cardioprotective 
pathway. Protein kinase C (PKC) has been proposed as a point 
of convergence, as the protective effect of IP and the 
pharmacological mimicking of IP can be inhibited by PKC 
inhibitors. 33 However, tyrosine kinases have also been 
hypothesized to play in important role through demonstration 
that while neither PKC nor tyrosine kinase inhibition alone 
prevented the protective effect of IP, the inhibition of both 
together was able to eliminate the protective effect of IP. 37 
The binding of autocoids to GPCRs is thought to lead to 
protection from ischemic cell death through the downstream 
activation of survival kinases, notably ERK1/2, PKC, PI3K, and 
Akt. 8 Akt is thought to help protect against lethal IR injury by 
delaying/inhibiting mitochondrial permeability pore transition 
through phosphorylation and inactivation of glycogen syn- 
thase kinase-3/J (GSK-3/f) and by reducing apoptosis through 
inactivation of proapoptotic molecules such as BAD. 8 ' 38 

Our hypothesis is that IP stimulates a cytoskeletal 
signaling cascade that begins with activation of the proximal 
cytoskeletal signaling complex at the sarcolemmal membrane 
and leads to the downstream activation of survival kinases, 
most notably Akt. Within this cytoskeletal signaling cascade, 
FAK is an essential proximal mediator, as numerous studies 
have shown that interference with FAK activity significantly 
impairs the cytoskeletal signaling cascade. 39-41 Engagement 
of integrins enhances targeting of FAK into costameres and 
focal adhesions where FAK becomes auto-phosphorylated at 
tyrosine 397 and thereby activated. 13 Activated/phosphory- 
lated FAK may subsequently interact with SH2 domain- 
containing signaling partners, including PI3K. 17,42 PI3K-FAK 
interaction may subsequently stimulate the activation of PI3K, 
ultimately leading to the downstream activation of the survival 
kinase Akt. 

Mechanotransduction, Cytoskeletal Signaling, 
and Ischemic Preconditioning 

The importance of mechanical forces in influencing FAK 
activity and downstream signaling within the heart is 
highlighted by a number of studies that have demonstrated 
the importance of FAK in mediating the hypertrophic response 
of cardiac myocytes stimulated by mechanical force. Eble 
et al 43 demonstrated that overexpression of the FAK com- 
petitive inhibitor FRNK prevented endothelin-induced myocyte 
hypertrophy in neonatal rat ventricular myocytes. Chu et al 44 
showed the importance of FAK serine-910 (S910) phosphor- 
ylation in the hypertrophic response by demonstrating that 
interference with FAK S910 phosphorylation prevents the 
normal sarcomere assembly in response to endothelin. 
Interestingly, Chu et al 44 also compared FAK S910 phosphor- 
ylation in failing and nonfailing human hearts and found that 



FAK S910 phosphorylation was substantially reduced in left 
ventricular tissue from failing hearts. Furthermore, DiMichele 
et al 40 demonstrated that FAK deletion abolished hypertro- 
phic remodeling induced by pressure overload with transverse 
aortic constriction. Thus, it is evident that while acute 
activation of FAK and cytoskeletal signaling mediates cell 
survival, chronic activation of the same pathway plays a 
prominent role in driving the hypertrophic response of 
ventricular myocytes. As our current and previous studies 
have demonstrated that FAK is an important mediator of 
IP-elicited cardioprotection, it is possible that mechanical 
force may serve as an additional trigger for IP-elicited 
cardioprotective signaling. Further studies will be needed to 
better discriminate between these possibilities. 

Effect of FAK on Control Infarct Size 

Hakim et al 45 previously reported that ventricular myocyte- 
specific deletion of FAK enhances baseline susceptibility to 
myocardial infarction. However, our current study did not find 
enhanced infarct size in non-preconditioned hearts of FAK KO 
mice (see Figure 5B), suggesting that FAK signaling is not as 
important for maintaining cell viability under baseline condi- 
tions, but rather is induced in response to stimuli such as cell 
stress. Reasons for this apparent contradiction may be due to 
differences in the respective Cre-lox systems used in each 
study and the associated timing of Cre-mediated FAK deletion 
and/or differences in surgical methodology employed by each 
study. Whereas the a-MHC-MerCreMer system used in the 
current study allows for the induction of site-specific recom- 
bination in adult mice, the Hakim study utilized a Cre 
recombinase under the control of the MLC2v gene, which is 
the earliest expressed ventricular-restricted marker during 
mammalian development and, accordingly, Cre enzymes 
under the control of MLC2v may mediate genetic recombi- 
nation as early as E8.75. 46 Therefore, earlier reduction in FAK 
protein expression could possibly account for the differences 
in observations between the 2 studies. Furthermore, while the 
present study utilized a 40-minute coronary occlusion as the 
index period of ischemia, the Hakim study utilized a 30-minute 
coronary occlusion. This difference in surgical methodology 
may also account for the observed differences. 

Dilated Cardiomyopathy Associated With 
a-MHC-Cre Expression 

It has been previously reported that Cre expression in cardiac 
myocytes driven by the a-MHC promoter is associated with 
the development of a severe dilated cardiomyopathy. 47 
Koitabashi et al 28 also reported a dilated cardiomyopathy in 
tamoxifen-inducible a-MHC-Cre systems. However, in that 
study the dilated cardiomyopathy resolved 3 weeks after the 
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final dose of tamoxifen. During our initial assessments of 
tamoxifen dosing regimens, we did observe occasional acute 
cardiac failure following administration of high doses of 
tamoxifen to mice containing the a-MHC-MerCreMer allele. 
However, by modifying the tamoxifen dosing regimen, we 
were able to achieve significant reductions in FAK expression 
while circumventing significant effects on baseline cardiac 
function (see Table and Figure 3). 

Summary and Conclusions 

The current study describes a tissue-specific, inducible model 
of FAK KO in adult mice that results in normal gross and 
histologic appearance and function at baseline. More impor- 
tantly, the current study demonstrates for the first time in a 
well-characterized in vivo infarction model that loss of FAK 
both inhibits the IP-induced stimulation of PI3K/Akt signaling 
as well as abrogates IP-elicited cardioprotection. These 
findings further support our hypothesis that myocardial stress 
leads to the activation of a cytoskeletal-based survival 
signaling pathway that may play a prominent role in protecting 
the myocardium from ischemia/reperfusion injury. 
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